Geological problems raised by the interpretation of deep seismic reflections in collision belts result from the structural complexity of the crust and the lack of surface control and well-documented references. Some of these problems are illustrated by examples coming from various tectonic settings in France and adjacent areas, and tentative interpretations are proposed. From field, conventional seismic and borehole data, interpretation of shallow structures such as thin-skinned detachments is fairly well controlled down to 5 s TWT, but deeper reflections are more difficult to interpret. The shallow detachments are linked to mid-crustal dipping reflections that are regarded as ramps, which may root into deeper intracrustal detachments. Dipping reflections may sometimes develop in the whole crust and produce puzzling criss-crossing patterns. The Wind River thrust provides a well-documented analogue' of such features, although it is located in the foreland of the belt. It suggests that this kind of feature was formed in a late stage of the tectonic development. The lack of any seismic image of the external thin-skinned detachment in large parts of the Palaeozoic belts of Europe can be explained by such a late deformation which affected the belts up to the suture areas. Interwedging patterns ('crocodile') are commonly associated with shallow ramp anticlines. Though hard to establish in the deep crust, interwedging may be present in collision belts as the result of lithosphere punching (e.g. Pyrenees) and/or reactivation of former antithetic shear zones. Steep faults, unambiguously cutting across the whole crust, are scarcely observed and seem to be restricted to areas where major transcurrent displacements are in progress. Dipping reflections across the deep crust and the upper mantle may be interpreted as the ghosts of former crustal slabs now largely metamorphosed in eclogites.
INTRODUCTION
Various problems are raised by the interpretation of deep seismic profiles in collision belts. Firstly, identifying real reflections among various artifacts such as out-of-plane events, reflected refractions, diffractions, etc. is a difficult question which cannot entirely be solved in the 2-D profiles that form the bulk of our information. However, wherever cross-profiles are available, the reality of most of the major seismic events can be demonstrated (see for instance Beamish & Smythe 1986 ; Hillis & Day 1987; Lueschen et al. 1987; DEKORP Research Group 1988) . Such a result probably comes from the fact that profiles were generally shot parallel to the main direction of tectonic transport.
Therefore, we shall assume that the seismic events that have been selected in the line drawings are real reflections located approximately in the plane of the seismic section. The second critical point is related to the migration of the seismic sections. The geological features imaged by unmigrated time sections are certainly distorted. It is beyond the scope of this paper to enter into the difficult problems raised by the migration of very deep seismic sections (Warner 1987 Roure et al. 1989a, b) shows that the general characteristics of the crustal reflections such as they are studied in this paper are not significantly modified by the migration process. For the sake of simplification and in view of the uncertainty as to the velocity distribution, we shall C. Bois present our interpretations on line drawings of unmigrated sections.
Problems in geological interpretation of the crustal reflections come first from the great complexity of the crustal structure itself, which everywhere results from the superposition of a number of compressional and extensional events. Many deep reflections do not outcrop, and we have no direct geological control of their nature. There are too few well-documented references showing the seismic expression of basement structures. The relationships between seismic images and petrophysical parameters are insufficiently understood in spite of basic research e.g. Christensen & Fountain (1975) , Smithson & Brown (1977) , Smithson (1978) , Lynn, Hale & Thomson (1981) , Hale & Thomson (1982) , Fountain & Salisbury (1981) , Fountain, Hunch & Smithson (1984) , Jones & Nur (1984) , Hunch et of. (1985) , Phinney (1986) and Smithson, Johnson & Hunch (1986) . Therefore, deep seismic interpretation makes intensive use of conceptual models to extrapolate downwards the shallow structural pattern derived from field, conventional seismic and borehole data. The validity of these models can always be questioned.
The purpose of this paper is to illustrate and discuss some of the above problems. (Fig. 2) . They can be interpreted as late crustal ramps which developed north of the main crustal imbrications in which the detachment is rooted. Shallow detachments all involve sediments that were deposited either during the basinal stage occurring before the orogeny or during the course of it (foreland basin). Interpretation of the seismic sections is reasonably controlled by field and borehole data as well as conventional seismic surveys.
Surprisingly, in the South Irish and Celtic Seas, such shallow thin-skinned detachments are not observed in front of the Caledonian and Variscan orogenic belts, although they are inferred from surface data. This point will be discussed hereunder.
D O D E E P E R CRUSTAL DETACHMENTS EXIST?
Towards the inner side of the belts, the shallow thin-skinned In northern France (Figs 2 and 3 Fig. 1 . In northern France, Vibroseis and explosive source acquisitions were performed together. In the other profiles, these sources were used in different segments depending on the topography and environmental conditions. (Fig. 4) . They can be correlated to the Variscan nappe which outcrops in Montagne Noire and Mouthoumet located 100 km farther east (Matte & Burg 1981) . Westwards, these features can be traced through industrial profiles up to the Bay of Biscay profile where they show a very similar pattern. They form the deep part of the nappe and seem to be rooted either on top of the layered lower crust or in a flat marker slightly above it. A similar setting can also be observed in the DEKORP 2s profile in Germany (Behr & Heinrichs 1987).
WHAT IS T H E N A T U R E OF MID-CRUSTAL STRAIGHT DIPPING REFLECTIONS?
In the above examples, a number of dipping reflections cutting across large parts of the crust have been interpreted as crustal thrusts. While their uppermost part frequently shows a curved shape, where the thrusts are more or less associated with shallow sedimentary units, their deeper crustal part is generally fairly straight. Such straight dipping reflections are especially common in the seismic sections across the Palaeozoic belts in Europe as is shown in the Celtic Sea (BIRPS & ECORS 1986) and in northern France (Cazes et af. 1985 (Cazes et af. , 1986 (Fig. 6 ). In the uppermost part of the section, the Precambrian basement is in contact with the Palaeozoic to early Tertiary sediments of the Green River basin; hence the high-amplitude reflection. But this shallow event was found to extend very deeply into the crust where it keeps its reflectivity. Whatever the physical cause of this reflectivity may be-a boundary between basement rocks of different natures, mylonite or fluid in the fault zone-we can see that this large thrust, with an average dip of 30" and a displacement of 29 km along the fault plane, can involve a large part of the crust and be imaged by deep seismic reflection. Actually, we can observe a wide set of parallel dipping reflections, probably associated with subordinate thrusts, some of them being documented in the Wind River basin. These features developed in the latest stage of the Laramian orogeny and are located about 60 km beyond the front of the overthrust belt and with a different orientation (Armstrong & Oriel 1965) .
The BIRPS profiles acquired in the South Irish and Celtic Seas are fairly near the coast where outcrops can provide geological control (Brewer et al. 1983; BIRPS & ECORS 1986) (Fig. 7) . In southern Britain, the last two orogenic deformations are the Caledonian south-verging one in the north and the Variscan north-verging one in the south. Then, sedimentary basins developed on top of the deformed crust so that some authors have claimed that the dipping reflections observed in the seismic sections (Fig. 8) are extensional ramps related to these basins (e.g. Cheadle et af. 1987). Though this hypothesis might be correct in a few cases, we do not believe it can be regarded as a general explanation because there is not a sedimentary wedge on top of every dipping reflection.
Most of the south-dipping reflections are located in the Variscan frontal area and farther south (Fig. 8) . They have been related to the Variscan compression (BIRPS & ECORS 1986; Hillis & Day 1987) because they show the same areal distribution and the same vergence. In the external part of the Variscan belt, they are confined to the upper crust and possibly rooted on top of the layered lower crust as in examples above. Farther south, in the Lizard suture area, the south-dipping reflections cut across the deep crust and the Moho and even go into the upper mantle. We tentatively interpret all these south-dipping reflections as Variscan crustal thrusts similar to the Wind River one, although they are located within the orogenic belt in contrast to this latter one.
The north-dipping reflections are present in the whole Celtic Sea (SWAT 2 and 3, Fig. 8 ). Farther north, they clearly occur beyond the Variscan front and are distributed up to the Caledonian Iapetus suture, which may be related to the northernmost north-dipping reflections (Hall et af. 1984; Beamish & Smythe 1986; Freeman, Klemperer & Hobbs 1988) . From a profile-crossing in the South Irish Sea (Fig. 9) , a major set of north-dipping reflections can be related to the Caledonian folds and faults occurring in Wales and southeastern Ireland. Therefore, we interpret the north-dipping reflections as a Caledonian crustal thrust. In the external part of the Variscan belt, the north-dipping reflections are located beneath the south-dipping ones (Fig.  8b ) and they suggest that the Variscan external crustal unit was thrust over a foreland previously deformed by the Caledonian compression. The Caledonian north-dipping features may also have been reactivated by the Variscan compression. Farther south, beneath the Bude area, there is some interference that will be discussed in a further section.
The seismic images of the external parts of the Caledonian and Variscan belts (Fig. 8) contrast with those of the northern France, Alps and Pyrenees profiles (Fig. 2) . They do not show any evidence of thin-skinned detachment even though such detachments have been inferred from the study of the surface deformation, folding and cleavage in Wales (Coward & Siddans 1979) involves the basement (Coward & Smallwood 1984) this thrust was active after the formation of the detachment. Therefore, we can assume that thin-skinned detachment that formerly developed in the belt was then strongly deformed in relation to the thrusts that are visible in the seismic section so that it cannot be imaged anymore. This detachment still overlies most of the thrusts that do not outcrop at the surface. The disappearance of the Caledonian thin-skinned detachment may be explained in exactly the same way. The same process could have happened in northern France if the Variscan compression had lasted a little longer or had been slightly more intense (Fig. 2) . However, we could have expected that such a strong deformation produced a later outermost detachment in the sediments in front of the outermost crustal ramp in every orogenic belt. These inferred late detachments generally cannot be observed at present because they should occur in areas that were affected by later deformations: the Variscan deformation encroaches the Caledonian outermost area and the Permo-Mesozoic Saint George Channel basin obliterates the Variscan outermost area (Fig. 9) . But farther west, in Ireland, the Variscan folding and cleavage of the Carboniferous sediments indicate the presence of a blind thin-skinned detachment going up to 80 km north of the Variscan front (Cooper et al. 1984; Le Gall 1990) .
The straight dipping reflections are less frequent in the European Tertiary belts. Examples can however be observed beneath the North Pyrenean fault (Choukroune & ECORS team 1989; Roure et al. 1989b ) and the Alpine Penninic front (Bayer et af. 1987) (Fig. 2) .
ARE THE OPHIOLITIC S U T U R E S E V E R IMAGED?
Can sutures be imaged by deep reflections as proposed by some authors (Cook et (Figs 2 and 3) . Surprisingly, the Caledonian Iapetus suture in the South Irish Sea and the Variscan Lizard one in the English Channel (Fig. 8) show prominent sets of north-and south-dipping reflections. These reflections can hardly come from the sutures themselves, and we interpret them as late thrusts superimposed in the suture areas, which were probably zones of weakness.
We believe that the development of the late Caledonian and Variscan thrusts, which were superimposed in the suture areas and which deformed the thin-skinned detachments, reflect a late process in the tectonic development. They may have been formed when the colliding continents were considerably tightened up and locked, and some major crustal breaking was required to achieve any further shortening. The comparatively constant dip of these thrusts (20°-30") corresponds to a mechanical property of the continental crust. Some strike-slip components should also have been present, during the thrusting, at least in the Caledonian belt, in order to accommodate the overall obliquity of the collision and continental escape (Phillips, Stillman & Murphy 1976) . This is supported by the field study of Caledonian thrusts in Wales (Woodcock 1984) .
The European Tertiary belts are comparatively poor in straight-dipping reflections probably because the collision process is still in progress while several oceanic areas remain open in the Mediterranean. However, the Penninic front reflections in the Alps (Bayer et af. 1987) (Figs 2 and 3) can also be interpreted as late thrusts (Roure et al. 1989b) . They outcrop in an area of out-of-sequence thrusting cutting across back-steepened structures.
D O D I V E R G E N T THRUST P A T T E R N ('CROCODILES') C O R R E S P O N D T O COEVAL OR S U P E R P O S E D F E A T U R E S ?
Divergent dipping reflections, frequently observed in orogenic belts, are sometimes called 'crocodiles' (Meissner 1989) . The tectonic interpretation of such patterns is difficult. Assuming that the reflections correspond to faults, thrusts or shear zones, do they indicate a real interwedging C. Boh (Fig. 1) . The building of the Belledone ramp anticline tilted the overlying nappe and produced some back-thrusting in its rear side. The 'crocodile' patterns are related to the outer tips of ramp anticlines.
The interpretation of such patterns is more difficult in the (Fig. 2) . The lower part of the Iberian crust, in the south, was subducted beneath the edge of the European lithosphere located in the north. In the meantime, the upper part of both the Iberian and European crusts was subjected to intense divergent flaking on both sides of the plate boundary represented by the North Pyrenean fault. In this case, the 'crocodile' pattern readily results from the combination of deep crustal thrusting and shallower back-thrusting (Roure et al. 1989a ).
The reality of deep crustal interwedging is often very hard to establish. The superposition of two deformations with opposite vergences can very well produce 'crocodile' patterns as we have seen in the Celtic Sea with the Caledonian and Variscan deformations (Fig. 8) . Gall 1990) . The 'crocodile' patterns of the Celtic Sea (Fig. 8) probably indicate a major intenvedging in the deep crust during the Variscan orogeny. Such a reactivation of former antithetic features may be very common in the crust since the crustal structure everywhere results from the superposition of several tectonic events.
DOES ANY HIGH A N G L E F A U L T CROSS THE WHOLE CRUST?
From surface evidence, steep to vertical faults are inferred to have affected the crust, especially in the areas that underwent major strike-slip movement (see the review by Lemiszki & Brown 1988) . Seismic reflection is extremely ill-suited to outline steep faults. They can be determined indirectly in the sedimentary cover from the offset of the sedimentary markers, but this evidence fades out within the basement. Such faults controlled the Mesozoic subsidence in the Saint George Channel (Bala fault, Fig. 8 (Fig. 8) . By contrast, the Bray fault was firstly interpreted as cutting across the whole crust and offsetting the layered lower crust and the Moho from the multifold Vibroseis section (Bois ef al. 1986; Cazes et al. 1985 Cazes et al. , 1986 . The 2-3 km blind zone occurring beneath the superficial fault was substantially narrowed by the single-fold record of an explosive source. The lower crustal layering was fairly well correlated from one side to the other of the blind zone, and the amount of Moho offset decreased considerably (Bois, Pinet & Roure 1989; Damotte & Bois 1990) . Any large vertical displacement of the Bray fault at the level of the present layered lower crust and the Moho is then put in doubt. A first explanation is that the Variscan displacement, which is believed to have been very large, was essentially a right-lateral strike-slip, as suggested by a mylonite sample in the basement near the fault (Matte et af. 1986), and did not result in any significant vertical offset of the lower crustal layering and the Moho. In such an interpretation, the Bray fault should have been linked to a decoupling level situated beneath the crust. We may also assume that the layering and the present Moho were formed after the Variscan displacement, whatever it was (Bois ef al. 1989) . In a third hypothesis, the Bray fault was rooted on top of the lower crust in a subhorizontal decoupling zone and did not cut across the lower crust and the Moho. We may as well assume that these three mechanisms were successively active during the Bray fault development with the last one having controlled the Therefore, we tentatively conclude that vertical faults cutting at present across the whole crust should be scarce and probably restricted to areas where major transcurrent displacements are in progress (Lemiszki & Brown 1988 ).
Evidence of similar faults in the past generally cannot be observed any more because of mechanical, metamorphic and magmatic reworking of the middle and deep crust.
HOW CAN THE DIPPING REFLECTIONS CUTTING ACROSS THE DEEP CRUST A N D THE UPPER MANTLE BE EXPLAINED?
In the SWAT 8 profile in the English Channel, deep seismic events can be observed beneath the present Moho (Bois et al. 1988 (Bois et al. , 1989 (Fig. 12) . Despite some distortion in the migrated section, they can be identified as dipping reflections crossing the deep crust and the Moho and going into the upper mantle. What could be the meaning of such deep reflections? Two extreme models can explain lithospheric shortening. In the first model (Fig. 13a) , the Moho is regarded as a major decoupling level between the light buoyant crust and the denser mantle. Shortening was achieved more or less independently in each domain. In this view, the Moho forms a smooth surface which is depressed beneath the mountain range and which will eventually be flattened out through surface erosion and mechanical equilibration of the thickened crust. 1987; ECORS-CROP 1989) . In this second model (Fig.   13b ), the mountain roots are deep crustal slabs in which the mafic rocks are submitted to very high pressure and metamorphosed into eclogites with a seismic velocity similar to that of the mantle. In the long range, a new seismic Moho might be established on top of all the rocks with a P-wave velocity equal to or greater than 8 km s-', whatever their origin. While this process was probably completed beneath the Caledonian and Variscan ranges in Europe, which do not show any crustal thickening (Fig. 2) , it might still be in progress beneath the Alps and Pyrenees (Butler 1986; Bois et al. 1989) . However, the deep crustal rocks that could not be transformed into high-velocity eclogites due to their original composition remain as ghosts of the former structures within the new upper mantle, hence very deep features such as those observed in the English Channel (Fig.  12) . Metamorphism might then have played a part in the disappearance of the Palaeozoic mountain roots in Europe, even though it may not be the only process involved. A set of very deep north-dipping reflections was discovered beneath the north Pyrenean crust (Choukroune & ECORS team 1989; Roure et al. 1989a) (Figs 2, 3 and  14) . These features appear in the upper mantle down to 20-25 s TWT. Depth migration checked by seismic modeling (Roure et al. 1989a) shows that they certainly involve the mantle. In contrast to the well-known Flannan thrust in Scotland, which is definitely in front of the Caledonian belt (Brewer & Smythe 1984) , these features are readily related to the axial part of the Pyrenean belt. Are they the ghost of some large subducted crustal slab or the trace of an intramantle subduction?
CONCLUSION
While thin-skinned detachments can be picked in the seismic section without too much uncertainty, the deeper events are much more difficult to interpret. We propose that the straight-dipping reflections cutting across large parts of the crust are related to late-tectonic thrusts that may locally affect the external part of the belt. In favourable cases, criss-crossing patterns in the crust may be interpreted as real crustal interwedging. The dipping features appearing in the upper mantle may partly be the trace of former crustal 1 2 -3
structures. However, due to poor control of the nature of the deep crustal reflections and of the conceptual models used in their interpretation, the above conclusions are conclusion concerning deep seismic interpretation faces the same drawbacks and the same criticism. Significant An analysis of the lower crustal seismic layering indicates improvement will come only from carrying out special that its emplacement was probably completed at the same experiments and from gathering a number of reliable time as the formation of the present Moho ( for their constructive remarks on the manuscript.
